Introduction
Semiconducting iron silicide (-FeSi 2 ) is a promising material for producing silicon-based optoelectronics owing to its band gap of about 0.8 eV. This energy corresponds to a wavelength of $1:5 mm, which is of interest for applications in optical fiber-based telecommunications. [1] [2] [3] [4] [5] [6] -FeSi 2 has been grown using a variety of techniques such as the thermal reaction method, 7) molecular beam epitaxy (MBE), 5, 8) reactive deposition epitaxy (RDE), 9) and ion-bean synthesis (IBS). 1, 3, 4, 10) Iron disilicide particles in the silicon host matrix received much attention in recent years because electroluminescence (EL) from a diode based on such a structure has been demonstrated. 9, 11) Although reports on light emission from such a structure by the IBS method have been abundant, [3] [4] [5] 12, 13) obtaining room-temperature EL from -FeSi 2 11) is difficult because a large number of defects are introduced in Si by the implantation of Fe ions. 10) Thus, an argument is still made that the emission of light in such a structure is caused by recombination in the silicide or at the defects in the silicon matrix. 12) Surmasu et al. 14) fabricated such a structure by RDE and Si MBE. A reasonable 1.6 mm EL from -FeSi 2 was obtained, but the photoluminescence (PL) was difficult to detect at room temperature, perhaps because of the existence of impurities or non-radiative defects. Therefore, the structural properties of the Fe-silicide nanostructures formed by RDE are of interest as they help elucidate the mechanism of the emission of light in such a structure.
In this study, the iron silicide nanostructures were formed on Si(100) substrates by RDE at various temperatures. The shapes and phases of the silicide were studied by atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The interfacial properties between the silicide nanostructures and Si substrates were investigated by high-resolution TEM (HRTEM). The results show that FeSi(CsCl), -FeSi 2 , -FeSi 2 , or -FeSi 2 nanoparticles were formed when thin Fe films (2 nm) were deposited, depending on the substrate temperature. Interfacial property analysis provides useful information on the light emission properties of iron silicide nanostructures.
Experimental Procedure
N-type Si(100) substrates (P-doped with a resistivity of 1-10 cm) were used in this study. These substrates were cleaned using a standard RCA procedure 15) and then dipped in a dilute HF solution before loading into the deposition chamber with a base pressure of about 1 Â 10 À9 Torr. Fe thin films, 2 and 5 nm in thickness, were deposited on a Si substrate at 500 -700 C and were further annealed in situ at the same temperature for 10 min. The deposition rate was 0.01 nm/s. During the deposition, the pressure in the chamber was lower than 2:5 Â 10 À8 Torr. AFM was carried out with NT-MDT Solver PRO-M in the tapping mode. Field emission SEM was performed using a JOEL JSM-6700F operating at 3 keV. A JOEL 200CX operating at 120 keV was used to obtain plane-view images and diffraction patterns. For atomic-resolution cross-sectional TEM observation, JOEL JEM-3000F with a point-topoint resolution of 0.14 nm was used.
Results
When 2 nm of Fe was deposited at 500 C, silicide nanoparticles were formed with sizes of less than 20 nm, as shown in Fig. 1(a) . Figure 1(b) shows that silicide nanoparticles (white) and continuous silicide films in some areas (gray) coexisted with the void regions of exposed Si (dark) when 5 nm of Fe was deposited. Figure 1 (c) shows that most nanoparticles had large aspect ratios after deposition at 600 C. The density and average size of the nanoparticles were lower and higher, respectively, than those of the samples deposited at 500 C [ Fig. 1(a) ]. All of these elongated nanoparticles orientated along two equivalent Sih2 2 20i directions, reflecting the epitaxial growth of elongated nanoparticles on the Si(100) substrate. The deposition of 5 nm of Fe yielded silicide nanoparticles larger than that of 2 nm of Fe. The nanoparticles were also elongated, indicating that the nanoparticles in these two samples had the same phase and orientation. After 2 nm of Fe was deposited at 700 C, nanoparticles with facets and irregular shapes were observed, as shown in Fig. 1 (e). The shape of the nanoparticles obviously differed from that of those deposited at 600 C [ Fig. 1(c) ]. When the thickness of the Fe deposited increased to 5 nm [ Fig. 1(f) ], most of nanoparticles were irregular and larger than those formed upon deposition at 600 C. Only a few facet nanoparticles were observed. Thus, the thickness of the Fe deposition increased from 2 nm to 5 nm, thereby increasing the size of the silicide nanoparticles. However, various phases or orientations of silicide nanoparticles might be formed at various substrate temperatures. Samples that contained nanoparticles smaller than 100 nm, formed by the deposition of a 2 nm layer, were analyzed further. In those formed by deposition at 500 C, the shape of the nanoparticles could not be clearly elucidated by AFM, as shown in Fig. 2 (a), but could be determined by SEM. The silicide nanoparticles were therefore determined to be embedded in the Si substrate. The average roughness of the 600 C-deposited sample was 1.056 nm, which is higher than that of the 500 C-deposited sample. The height of the elongated nanoparticles was less than that of the sphere-like ones, marked by arrows in Fig. 2(b) . The Fe silicide nanoparticles formed at 600 C are inferred to protrude out of the Si surface. The existence of nanoparticles of various shapes may be related to the coexistence of various silicide phases or their various orientations on the Si substrates. The nanoparticles in Fig. 2(b) are larger than those in Fig. 1(b) because the tip apex is of finite size. In the 700 C-deposited samples, the average roughness increased to 3.182 nm, and the height of nanoparticles exceeded that of the 600 Cdeposited samples, as shown in Fig. 2(c) .
Figure 3(a) shows a TEM image of the structure on the Si(100) substrate formed by the deposition of a 2 nm layer at 500 C. Rectangular and irregularly shapes silicide nanoparticles are clearly observed. The long axis of the rectangular nanoparticles was along two equivalent Sih110i directions, suggesting that the rectangular nanoparticles were grown epitaxially on the Si substrate with two orientations.
The inset in Fig. 3(a) Von Känel and coworkers 16, 17) found two metastable iron silicide phases with cubic structures in iron silicide epitaxial films on Si(111) substrates. One was FeSi with a simple cubic CsCl structure, which had a lattice parameter close to half of the Si lattice constant. Table I shows the epitaxial relationships of FeSi(CsCl) and -FeSi 2 . Items I to IV indicate these four epitaxial relationships. In the atomicresolution cross-sectional image in Fig. 3(c) , iron silicide with a very low thickness was observed. The size effect of diffraction refers to the fact that the intensity distribution of the reciprocal lattice point is always extended along the direction parallel to the shortest dimension of the crystal, such that, although the silicide ½ 1 111, ½ Fig. 3(a) . Therefore, the black dots in Fig. 3(b) represent reflections of the precipitates that have exhibited epitaxial relationships I and II. Small circles represent the precipitates with epitaxial relationships III and IV. The inferior quality of the atomic resolution crosssectional image is due to the existence of the magnetic FeSi(CsCl) phase 16) or small, high-density nanoparticles with various orientations on the surface. However, whether the silicide nanoparticles are in the FeSi(CsCl) or -FeSi 2 phase is difficult to determine.
Most of the nanoparticles exhibited rod-like and tetragonal shapes, and a few had sphere-like shapes when an Fe layer, 2 nm in thickness, was deposited on the Si(100) substrate at 600 C, as shown in Fig. 4(a) . From the TEM dark-field analysis, the sphere-like nanoparticles were identified as -FeSi 2 . From the cross-sectional TEM result in Fig. 4(c) , some silicide nanoparticles were completely embedded in the Si substrate, while some slightly protruded out of the surface. The former are the cubic -FeSi 2 phase with type A orientation, as shown in Fig. 5(a) , or with type B orientation, as shown in Fig. 5(b) . However, the nanoparticles that slightly protruded from the surface were identified as -FeSi 2 , as shown in Fig. 5(c) . Figure 6 (a) and the inset show the TEM image and the corresponding SAED pattern of the resulting structure when an Fe layer, 2 nm in thickness, was deposited on the Si(100) substrate at 700 C. From the indexed SAED pattern in Fig. 6(b) , -FeSi 2 phases with four orientations were observed. The cross-sectional TEM result indicates that all nanoparticles protruded out of the surface. Thus, the roughness of the surface increased with the temperature of the deposition of the sample. The nanoparticles had facets and irregular shapes, as described above. Figure 6(c) shows an atomic-resolution cross-sectional image of faceted nanoparticles, viewed along the long direction, showing the twinning of the interface with those of silicon and the surrounding surfaces with low Miller indices, (001) and 
Si (400) γ ( ð00 1 1Þ. An irregular nanoparticle has a coherent interface relationship with respect to silicon that is -FeSi 2 (012) k Si(022), as shown in Fig. 6(d) .
FeSi(CsCl) and -FeSi 2 phases can be grown to be embedded in the Si substrate by RDE because they have a low interface energy of identical and twinned interfaces with a Si substrate. However, FeSi(CsCl) and -FeSi 2 are metastable iron silicide phases that are formed at low substrate temperature and in the initial stage at high substrate temperature, respectively. In additional, -FeSi 2 transitions to the stable -FeSi 2 phase occur upon further annealing. 18, 19) This phenomenon has been observed in the formation of iron silicide by MBE. 18) Thus, in this study, the -FeSi 2 phase in the sample with the 2-nm-thick layer of Fe deposited at 600 C was formed by transformation from -FeSi 2 .
Since -FeSi 2 has an orthorhombic structure, which differs from the cubic structure of the Si substrate, forming a low-energy interface with a Si substrate is difficult. Thus, -FeSi 2 precipitates slightly protrude from the surface to reduce the interfacial area where the interface energy is high. Although -FeSi 2 was only formed in the bulk above 940 C, -FeSi 2 nanoparticles formed at lower temperatures on the Si substrate because of the good epitaxial match between Si and -FeSi 2 . The crystalline -FeSi 2 nanoparticles were formed with a faceted surface because the surrounding surface with low Miller indices, (001) and ð00 1 1Þ, has a low surface energy.
Conclusions
Iron silicide particles were grown on Si(100) by reactive deposition epitaxy. Silicide nanopaticles with diameters of less than 100 nm were formed on Si(100) substrates when 2 nm Fe layers were deposited at 500, 600, and 700 C. Type B FeSi(CsCl) or -FeSi 2 nanoparticles and a small amount of -FeSi 2 nanodots were grown at 500 C. Type A and B -FeSi 2 , -FeSi 2 , and -FeSi 2 nanoparticles coexisted in the samples deposited at 600 C. The -FeSi 2 phase was formed by phase transformation from the -FeSi 2 phase. The -FeSi 2 phase was predominant in the sample deposited at 700 C. The -FeSi 2 and -FeSi 2 phases tended to protrude out of the Si substrate, increasing surface roughness. 
